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ABSTRACT 13 
The storage of fruits and vegetables under controlled atmosphere can induce low oxygen 14 
stress which can lead to postharvest losses through the induction of disorders like core 15 
breakdown and browning. To gain better understanding of the metabolic response of plant 16 
organs to low oxygen, cultured tomato cells (Lycopersicum esculentum) were used as a model 17 
system to study the metabolic stress response to low oxygen (0 and 1 kPa O2). By adding 
13C 18 
labelled glucose, changes in the levels of polar metabolites as well as their 13C label 19 
accumulation were quantified. Low oxygen stress altered the metabolite profile of tomato 20 
cells with the accumulation of the intermediates of glycolysis in addition to increases in 21 
lactate and sugar alcohols. 13C label data showed reduced label accumulation in almost all 22 
metabolites except lactate and some sugar alcohols. The results showed that low oxygen stress 23 
in tomato cell culture activated fermentative metabolism and sugar alcohol synthesis while 24 
inhibiting the activity of the TCA cycle and the biosynthesis of metabolites whose precursors 25 
are derived from the central metabolism including fluxes to most organic acids, amino acids 26 
and sugars.  27 
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INTRODUCTION 30 
Upon harvest, some fruits and vegetables are kept under controlled atmosphere (CA) 31 
conditions to prolong their storage life while preserving their quality attributes. For instance, 32 
in the USA, mature green tomatoes are picked and kept in an environment of 3-5 % oxygen 33 
(O2) and/or 0-3 % carbon dioxide (CO2) (Kader 2002), as well as temperatures above 10 °C to 34 
delay ripening and avoid chilling injury (Kader 2002). Storage life, under CA, is extended by 35 
limiting the metabolic activity of the crops through reducing respiration rate which is mostly 36 
achieved by the use of low temperatures (Kader and Ben-Yehoshua 2000; Kader 2002). 37 
However under the low O2 conditions used in CA storage, metabolism can switch from 38 
respiration to fermentation (which enables the continuation of glycolysis and substrate-level 39 
phosphorylation to produce energy in the form of ATP to ensure survival) which can lead to 40 
the production of off-flavors leading to loss of quality. As a result there is the need to 41 
understand the adaptive mechanisms fruits and vegetables undergo in order to develop better 42 
CA conditions to avoid the induction of fermentative metabolism. Also the dependence of 43 
man on plant based foods means that the strategies involved in the response of plants to other 44 
biotic and abiotic stressors needs to be well understood so that crops which have longer 45 
storage lives under CA can be produced (Hertog et al. 2011; Rios-Estepa and Lange 2007; 46 
Sweetlove et al. 2003).  47 
The response to stress by plants involves making alterations to their gene expression levels as 48 
well as their proteomic and metabolic composition. The accumulation of some amino acids 49 
like proline and alanine (van Dongen et al. 2003; van Dongen et al. 2009; Drew 1997; 50 
Geigenberger et al. 2000; Reggiani et al. 1993; Thomson and Greenway 1991) along with 51 
decreases in protein synthesis (Bailey-Serres and Freeling 1990; Drew 1997) and the 52 
dissociation of polysomes (Bailey-Serres and Freeling 1990) are some of the changes that 53 
have been noted in plants under various O2 stress situations. The activity of some enzymes, 54 
especially those involved in anaerobiosis like alcohol dehydrogenase and pyruvate 55 
dehydrogenase complex have been observed to increase under low O2 conditions (Andrews et 56 
al. 1994; Sachs et al. 1996). Changes in the levels of metabolites and proteins have been 57 
observed in some fruits and vegetables kept under CA. In peach fruit kept in an O2 free 58 
environment, induction of fermentation was accompanied by increase in activities of malic 59 
enzyme and pyruvate-phosphate dikinase (Lara et al. 2011). Low O2 induced browning in 60 
pears has been shown to be accompanied by a reduction in the levels of metabolites involved 61 
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in radical O2 scavenging (Franck et al. 2007) and respiratory metabolism (Pedreschi et al. 62 
2009). Proteomic analysis of the brown tissues also revealed decreases in the expression 63 
levels of proteins involved in energy and antioxidant metabolism (Pedreschi et al. 2007) with 64 
an up-regulation and inhibition of transketolase and polygalacturonase, respectively. This 65 
shows that the response of plants to stress is well coordinated among the different 66 
organisational levels. Even within a single fruit, uneven gas distribution creates low O2 67 
conditions towards the centre of the fruit inducing anaerobic metabolism leading to the 68 
accumulation of GABA and other indicators of low O2 stress (Biais et al. 2010). 69 
Metabolomic studies on the effect of low O2 on plants have been carried out in fruits like 70 
apples (Lee et al. 2011), peaches (Lara et al. 2011) and pears (Pedreschi et al. 2009). Besides 71 
fruits, studies on metabolic changes resulting from the effects of reducing O2 levels have also 72 
been carried out on other plant organs like seedlings (van Dongen et al. 2009) and tissue disks 73 
(Geigenberger et al. 2000). The metabolome studies on fruits and seedlings were carried out 74 
without 13C label feeding. The incorporation of 13C label into intact plants, fruits or vegetables 75 
and the quantification of their label accumulation is a non-trivial task due to the abundance of 76 
storage sugars and polymers and the long times needed for these polymers to turn-over and 77 
incorporate quantifiable amounts of label into their metabolite pools (Alonso et al. 2007). 78 
However, considering the deleterious effect of low O2 stress on plants, it is important to 79 
combine metabolome analysis with 13C label information to give a better insight to the 80 
response of plants to O2 stress. Our interest goes towards better understanding the metabolic 81 
responses of fruits and vegetables when exposed to low O2 conditions as imposed during CA 82 
storage. The changes that occur in plant organs due to low O2 stress can be studied at different 83 
organizational levels. Even though, eventually, we are  interested in the metabolic response of 84 
whole plant organs (fruits and vegetables) proper interpretation of experimental results at such 85 
organization level is often hampered by the large degree of tissue differentiation, the complex 86 
sink source relations within plant organ, and the huge biological variation involved. In this 87 
study we focused on tomato as this is an important model system in plant physiological and 88 
molecular research. To reduce the overall complexity of the experimental system, cultured 89 
cells were taken as the model system as they can be easily manipulated to grow on a defined 90 
media (Schneegurt and McDaniel 1986). As cell culturing can be largely standardized, 91 
biological variation can be minimized. Finally, by working with cell suspension cultures the 92 
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door is open for direct manipulations, such as the introduction of 13C labeled substrate 93 
(glucose) in the growth media.  94 
The objective of this work is to study the metabolic changes that occur in a tomato cell 95 
suspension culture when exposed to low O2 conditions, similar to the conditions experienced 96 
by food crops stored under CA. Data on the metabolome was complemented by 13C labeling 97 
incorporation. By combining the changes in the metabolome with 13C label incorporation, it 98 
becomes possible to recognize which pathways are being up-or down-regulated, something 99 
which is not possible when relying on metabolite analysis alone. By monitoring the fast 100 
changes as a function of time, insight is created in the metabolic flexibility of the tomato cells 101 
in establishing a ‘new’ metabolic and isotopic steady-state after the perturbation induced by 102 
the low O2 stress. Eventually, this knowledge will be used to enhance our understanding of 103 
what is happening at the intact fruit level.  104 
MATERIAL AND METHODS  105 
Cell suspension culture  106 
Cell suspension culture of tomatoes (Lycopersicum esculentum var cerasiforme) was 107 
established from friable callus grown in the dark at 25 °C. Calli were induced from the leaves 108 
of tomatoes grown in a greenhouse. The growth medium of the callus and cells consisted of 109 
Murashige and Skoog basal medium (Sigma, Belgium) containing glucose (166 mM) as the 110 
carbon source. The media was supplemented with 1000x Nitsch’s vitamin mixture (Duchefa, 111 
The Netherlands), 9 µM 2,4-dichlorophenoxyacetic acid (Sigma, Belgium) and 11.4 µM 112 
benzylaminopurine (Sigma, Belgium) at a pH of 6.0 (Duran-Vila et al. 1995). For callus 113 
growth, 7 g of plant growth agar (Duchefa, The Netherlands) was added to the growth media. 114 
Cell suspension cultures were incubated in the dark on a rotary shaker at 100 rpm and sub-115 
cultured every six days with the ratio of medium to cells kept at 3:1. Cell viability was 116 
determined periodically using the Evans blue exclusion method (Puschmann and Romani, 117 
1983). 118 
Bioreactor experiments  119 
For low O2 stress studies, 250 mL cell suspension culture in the log phase of growth (five 120 
days after sub-culturing as determined during a preliminary study), were transferred to a 121 
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Lambda Minifor bench-top laboratory bioreactor (Lambda Laboratory Instruments, Czech 122 
Republic) maintained at a temperature of 25 °C. The concentration of glucose in the medium 123 
at the time of transfer was 85 mM. The pH of the medium was kept at 6 throughout the 124 
experiment and low O2 stress was achieved by bubbling gas through the medium at a rate of 125 
10 L/h for the entire duration of the experiment. Four independent replicate experiments per 126 
condition were carried out. The cells were allowed to adapt to the prevailing O2 condition 127 
during the first four hours, after which a substrate pulse (10 mL volume) containing 13C label 128 
was added to bring the concentration of glucose to 166 mM without significantly changing the 129 
ratio of medium to cells (3:1). The concentration of 13C label was adjusted to ensure that 50 % 130 
of the total glucose in the medium was U-13C glucose (uniformly labelled 13C glucose). Cell 131 
samples were taken every hour for the next eight hours and a final sample taken 24 hours 132 
from the start of the experiment. Sampling was carried out by withdrawing 15 mL of medium 133 
containing cells from the bioreactor. The samples were washed with glucose free medium, 134 
snap frozen in liquid nitrogen and stored at -80 °C. The samples were lyophilized (Duratop 135 
and Duradry, FTS Systems Inc., Stone Ridge, NY, USA) for 24 h and dried for further 24 h in 136 
an oven at 50 °C. The experimental conditions tested were 0, 1 and 21 kPa O2 and these have 137 
been selected based on specific measurements as will be detailed below. 138 
Analysis of primary metabolite in cultured tomato cells 139 
Samples of lyophilized cells (10 mg) were extracted at 70 °C for 15 min with 700 µL of 140 
methanol containing 45 µL of 291 ng/µL internal standard (phenyl-β-D-glucopyranoside in 141 
methanol). An equal volume of water was added and vortexed rigorously after which 325 µL 142 
chloroform was added to separate the non-polar fraction. The mixture was centrifuged for 5 143 
min at 14,000 rpm and 500 µL of the polar fraction was dried under a stream of nitrogen. The 144 
dried residue was oximated by adding 40 µL of 20 mg/mL methoxyamine hydrochloride in 145 
pyridine and incubated at 37 °C for 90 min. Derivatisation was carried out at 37 °C for 30 min 146 
after adding 60 µL N-methyl-N-(trimethylsilyl)trifluoroacetamide ( Oms-Oliu et al. 2011, 147 
Roessner et al. 2000).  148 
Metabolite separation was carried out on a GC-MS system which consisted of a 7890A GC 149 
(Agilent Technologies, Palo Alto, CA, USA) and 5975C VLMSD MS with triple-Axis 150 
detector (Agilent Technologies, Palo Alto, CA, USA). The analysis was performed on a 30 m 151 
HP-5MS column with 0.25 mm internal diameter and 0.25 μm film thickness (Agilent 152 
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Technologies, Palo Alto, CA, USA) with a split ratio of 10:1. The sample inlet and interface 153 
temperatures were set at 230 °C and 250 °C, respectively, while the ion source was adjusted 154 
to 230 °C. The oven temperature program consisted of 1 min heating at 50 °C followed by a 155 
ramp of 10 °C/min to a final temperature of 310 °C with further holding of 13 min. The 156 
system was then temperature equilibrated for 5 min at 70 °C before injection of the next 157 
sample.  Helium was used as the gas carrier at a constant flow rate of 1 mL/min and the GC-158 
MS program was retention time locked to tetracosane (Agilent Technologies Inc., 159 
Wilmington, USA). 160 
Metabolite quantification, 13C label determination and statistical analysis 161 
All GC-MS chromatograms and mass spectra were evaluated and deconvoluted using the 162 
Chemstation (Agilent Technologies Inc., Wilmington, USA) and AMDIS (automated mass 163 
spectral deconvolution and identification system) software. Metabolites were identified by 164 
comparing their retention times and mass spectra with an in-house library and confirmed with 165 
the Agilent Fiehn GC-MS Metabolomics RTL library (Agilent Technologies Inc., 166 
Wilmington, USA). The abundance of each metabolite was normalized by the sample weight 167 
as well as the peak area of the internal standard. Where available, the 13C label accumulated 168 
by the metabolite was calculated from the molecular ion fragment and corrected for the 169 
presence of naturally occurring isotopes (Wahl et al. 2004). 170 
Univariate statistical analysis was performed to identify the difference between the levels of 171 
the metabolites under the three O2 levels at the different time points using Origin 8 (v 8.0725, 172 
OriginLab Corporation, Northampton, USA). The difference among means was identified 173 
using the t-test with a significance level of p = 0.05. Multivariate statistical analysis was 174 
performed in The Unscrambler (v.10.2, CAMO A/S, Trondheim, Norway) using partial least 175 
square discriminate analysis (PLS-DA) methods (Norden et al. 2005, Pedreschi et al. 2007) to 176 
identify which metabolites change in response to O2 stress. In PLS-DA, the different O2 177 
growth conditions were considered categorical Y-variables with the metabolite abundance as 178 
X-variables. The data was mean centered and the variables given equal variance. 179 
Determination of O2 uptake rate of tomato cells 180 
The O2 uptake rate of the cells was determined using an in-house built biological oxygen 181 
monitor (BOM) working on the principle of Clark’s O2 electrode (Lammertyn et al. 2001). 182 
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The electrode positioned at the bottom of the BOM (5 mL working volume), consisted of a 183 
central platinum disc, where reduction of O2 occurred, and a reference electrode. Potassium 184 
chloride solution (3 M) was used to achieve conduction between the two electrodes. The 185 
current through the electrode when applying a charge of 1.6 V was proportional to the O2 186 
partial pressure in the test system. The current was converted and measured using a data 187 
logger (Agilent Technologies, Belgium). Three independent replicate measurements were 188 
performed using 4 mL of cell suspension culture from the log phase of growth. Corrections 189 
were carried out for the effect of temperature, pressure and salt concentration on the solubility 190 
of O2 in a liquid medium. 191 
RESULTS 192 
Defining experimental conditions 193 
The O2 levels used in this experiment were chosen so as to limit respiration in the cells. The 194 
Michaelis-Menten constant (KM) of respiration was used as a guide to select the appropriate 195 
O2 levels. The KM of respiration was determined by measuring the depletion of O2 within a 196 
BOM and calculating the O2 uptake rate using equation 1.  197 
   
 
2 2
2
O O
O
max
M
d n
V
dt K



         (1) 198 
where Vmax [µg/(L x s x 10
6 cells)] is the maximum O2 uptake rate and n (10
6 cells) is the 199 
number of cells placed in the BOM. Using three independent O2 depletion experiments, the 200 
rate of consumption of O2 by the cells was estimated along with the KM of respiration (Fig. 1). 201 
A KM of 0.64 µM corresponding to an O2 concentration of 0.045 kPa and a Vmax of 1.805 202 
µg/(L x s x106 cells) was obtained. Based on the KM of respiration, three O2 levels were 203 
chosen for this research: an O2 concentration below the KM (0 kPa), an O2 concentration 204 
slightly above the KM (1 kPa) and 21 kPa O2 which served as the control.  205 
Early changes to low O2 stress 206 
The metabolome of cultured tomato cells was affected by the induction of O2 stress. Using 207 
GC-MS analysis, 63 metabolites belonging to the polar metabolite fraction were tentatively 208 
identified and quantified in cultured tomato cells through methanolic extraction (Appendix 209 
S1). Accumulation of 13C label could be calculated for 47 of these metabolites (Appendix S2). 210 
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Different concentrations of dissolved O2 in the growth medium of cultured tomato cells 211 
clearly lead to different levels for most primary metabolites (Fig. 2 and Appendix S1). Sharp 212 
increases (more than two fold increase compared to the control) were observed in the levels of 213 
fructose-6-phosphate, glucose-6-phosphate, lactate and pyruvate with seemingly steep 214 
reduction (about 50 %) in maltose, L-dehydroascorbate and tyrosine within the first hour of 215 
cells incubated at 1 and 0 kPa O2 levels (Fig. 2). Increases in glucose-6-phosphate and 216 
fructose-6-phosphate also occurred in cells incubated under control conditions, yet these were 217 
significantly less than those observed at the low O2 conditions. Mannitol and sorbitol also 218 
increased significantly within the first hour under both low O2 stress conditions (Fig. 2). With 219 
the exception of erythritol and glycerol-3-phosphate (Appendix S1) which did not change 220 
significantly within the first hour under low O2 stress, almost all the other metabolites 221 
decreased. From the second to the fourth hour, all the metabolites continued either their 222 
increasing or decreasing trend under low O2 stress, with the exception of 3-phosphoglycerate 223 
and gluconate that started to increase after the third and second hour, respectively. 224 
Effect of adding 13C glucose 225 
The addition of a small amount of media saturated with 13C glucose (at 4 h) changed the 226 
levels of metabolites in both the control and the low O2 stressed cells (Fig. 2 and Appendix 227 
S1). In the control cells, the levels of most metabolites started to increase and, after 12 hours 228 
of incubation, reached levels higher than the starting point (Appendix S1). However, the 229 
levels of -alanine, benzoate, L-dehydroascorbate and homoserine decreased within one hour 230 
after the addition of 13C-labeled glucose (so at 5 h). Some metabolites (benzoate, 231 
chlorogenate, erythritol, GABA, galactose, gluconate, glycerol, glycerol-3-phosphate, 232 
isoleucine, lactate, maltitol, maltose, mannitol, proline, quinate, ribose, sorbitol, stearate and 233 
urea) were less abundant after 12 h of incubation compared to 0 h. In the low O2 stressed 234 
cells, the response to the extra glucose included a reduction in the rate of decline of those 235 
metabolites which were already decreasing within the first four hours of O2 stress. Small 236 
increases in the levels of some metabolites (alanine, cysteine, galactose, glutamate, glutamine, 237 
isoleucine, leucine, phenylalanine, succinate, stearate, trehalose and urea) were observed 238 
between 5 h and 6 h, even though these metabolites started to decrease thereafter (Appendix 239 
S1). The levels of metabolites like norleucine, and mannose seem not to be affected by the 240 
induction of low O2 stress nor by the addition of 
13C glucose. 241 
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Fast 13C label incorporation 242 
13C label was incorporated into the different metabolites after the addition of 13C glucose at 4 243 
h (Fig. 3 and Appendix S2). In the control cells, 13C label could be detected in all metabolites 244 
one hour after the addition. For the metabolites involved in glycolysis, a fast build-up of 13C 245 
label was observed, reaching steady state labeling levels after a few hours. 13C label 246 
accumulation by other metabolites occurred more slowly often not reaching steady state levels 247 
within the timeframe of the experiment. The rate of 13C label accumulation into the different 248 
metabolites was dependent on the metabolic proximity to the supplied substrate and the need 249 
for the cell to synthesize or utilize the metabolites involved. For instance, glucose-6-250 
phosphate and 3-phosphoglycerate (Fig. 3) were labeled close to the maximum level of 50 % 251 
within three hours after the label addition while isoleucine apparently even had not reached its 252 
maximum labeling eight hours after the addition. Low O2 stress affected the accumulation of 253 
13C label by the cells. Compared to the control, the accumulation of 13C label in most 254 
metabolites was low under both low O2 stress conditions. Metabolites which, compared to the 255 
control, accumulated more or about the same 13C label under both low O2 stress conditions 256 
included glycerate, glycerol, glycerol-3-phosphate, lactate, mannitol, ribose and sorbitol (Fig. 257 
3). 258 
Comparing the two low O2 stress conditions, the metabolites which were more abundant 259 
under 0 kPa O2 compared to 1 kPa O2 in more than seven sampling time points before and 260 
after the addition U-13C glucose included 3-phosphoglycerate, fructose-6-phosphate, glucose-261 
6-phosphate, glycerol, glycerol-3-phosphate, lactate, maltitol, pyruvate and ribose (Fig. 2). 262 
Similarly, 2-oxoglutarate, citrate, chlorogenate, isoleucine, leucine, malonate, succinate, 263 
serine and shikimate were more abundant in 1 kPa than 0 kPa O2 in more than seven sampling 264 
time points (Appendix S1). No metabolite accumulated significantly higher 13C label under 0 265 
kPa O2 compared to 1 kPa O2 in more than seven time points (Appendix S2). Only GABA, 266 
glutamate, fructose-6-phosphate and glucose-6-phosphate accumulated more 13C label under 1 267 
kPa O2 compared to 0 kPa in more than seven sampling time points (Appendix S2).  268 
Changes after 24 hours of O2 stress 269 
The metabolites continued to change when incubated for a further 12 hours under low O2 270 
stress (Fig. 2 and Appendix S1). With the exception of the intermediates of glycolysis, 271 
glycerol-3-phosphate, lactate, maltitol, mannitol, sorbitol and ribose which increased and 272 
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reached peak levels within the first twelve hours (Fig. 2), all other metabolites continued to 273 
decline under O2 stress. With respect to 
13C label accumulation, cells exposed to low O2 stress 274 
continued to increase their 13C label content, albeit slowly except for sucrose, lactate and urea 275 
(Fig. 3 and Appendix S2). Under 21 kPa O2, no further increase in 
13C label was observed in 276 
the metabolites involved in the central metabolism (3-phosphoglycerate, citrate, fructose-6-277 
phosphate, fumarate, glucose-6-phosphate, malate and succinate), indicating that isotopic 278 
steady-state had been reached within 24 hours of incubation. The ongoing accumulation of 279 
13C label by cells exposed to the two low O2 stress conditions shows that isotopic steady-state 280 
was not reached within the experimental duration. A metabolic network map showing the 281 
effects of low O2 stress on the central metabolism and associated pathways in cultured tomato 282 
cells after 24 hours of incubation can be seen in Fig. 4. 283 
Global metabolomic changes in tomato cells due to O2 stress 284 
The relationship between metabolite abundance, O2 level and incubation time was evaluated 285 
to identify those metabolites that play a key role in the low O2 stress response using PLS-DA. 286 
A plot of metabolite and treatment correlation loadings superimposed on the sample scores 287 
can be found in Fig. 5. PLS-DA aims to reduce the multivariate metabolite space into a low 288 
dimensional space of latent variables (LV; the axes in Fig. 5) while regressing these on the 289 
treatment variables (O2 level and time) thus facilitating interpretation of the data. The 290 
positions of the individual samples in this new space are represented by the colored symbols. 291 
Their position can be interpreted both in relation to the position of the metabolites (the open 292 
symbols) and in relation to the direction of time and the three O2 levels applied (represented 293 
by the four arrows). Fig. 5A is a plot of LV1 vs. LV2 while Fig. 5B is a plot of LV1 vs. LV3 294 
for the same PLS-DA analysis. These first three LVs cover about 82 % of the observed 295 
variation in metabolite levels with the regression explaining 81 % of the variation in the 296 
treatment variables. Fig. 5 therefore provides a good overview of the changes occurring in the 297 
63 dimensional metabolite space. Metabolites oriented in Fig. 5 in the same direction are 298 
positively correlated and show similar response in time to a given O2 treatment or incubation 299 
time, while those in opposite directions are defined as negatively correlated showing opposite 300 
response to a given O2 treatment or incubation time (in terms of an increase or decrease). 301 
PLS-DA revealed a divergence of tomato cell metabolome with increasing incubation time in 302 
response to O2 stress. Separation between the control (21 kPa O2) and the two low O2 303 
conditions could be achieved using the first two latent variables (Fig. 5A). Together these two 304 
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latent variables accounted for 78 and 47 % of the explained X and Y-variance, respectively. A 305 
third latent variable (Fig. 5B) was needed to achieve a clear separation between the two low 306 
O2 conditions (1 and 0 kPa). Using the first three latent variables the difference between the 307 
control and the two low O2 conditions could be explained with a total X and Y-variance of 82 308 
and 81 %, respectively. 309 
The arrows in Fig. 5 show how the experimental conditions (O2 level and incubation time) 310 
correlate with the metabolites in the new parameter space. Metabolites which are found 311 
around a given O2 level indicate a close association with that O2 condition. The metabolites 312 
which were closely associated with the low O2 conditions included 3-phosphoglycerate, 313 
fructose-6-phosphate, glucose-6-phosphate, glycerol, glycerol-3-phosphate, lactate, mannitol, 314 
maltitol, pyruvate, ribose and sorbitol (Fig. 5A). All these metabolites increased with the 315 
induction of O2 stress. With respect to time (Fig. 5A) metabolites above the horizontal axis 316 
increased with incubation time while those below decreased with incubation. For example, 3-317 
phosphoglycerate and methionine, associated with the low O2 levels and the control 318 
respectively, increased with incubation time while benzoate and gluconate which are located 319 
opposite the time arrow but associated with the control and the low O2 levels respectively, 320 
decreased with incubation time. In Fig. 5B, the direction of the time arrow shows that the 321 
changing levels of the metabolites under the different O2 levels is largely independent of time 322 
and mainly a direct result of the O2 level applied. 323 
The variable importance in projection scores (VIPs) were calculated and used to assess the 324 
contribution of each metabolite in explaining the effects of incubation time and the different 325 
O2 levels and thus being responsible for the observed separation in Fig. 5. Metabolites with 326 
VIP close to or greater than one are considered important in given model while those with 327 
significantly less than one are less important and can be excluded from the model. 328 
Table 1 shows a list of the ten highest VIP for each O2 treatment and incubation time. The 329 
VIP scores showed that benzoate, citramalate, fructose, glycerol-3-phosphate, gluconate, 330 
homoserine, leucine, norleucine pyroglutamate, sorbitol, tyrosine and valine were the major 331 
metabolites which explained the difference between the control and the low O2 levels. These 332 
metabolites, with the exception of glycerol-3-phosphate, were present in higher amounts in 333 
the control compared to the low O2 incubated cells. Gluconate which decreased in abundance 334 
under the three O2 levels had the highest VIP for incubation time.  335 
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DISCUSSION 337 
The application of metabolomics to understand the response of plant to low O2 and other 338 
abiotic perturbations has gained tremendous attention in the last decade (Shulaev et al. 2008, 339 
Obata and Fernie 2012). By combining metabolome measurements with 13C labeling data, 340 
metabolic responses can be interpreted in terms of changed fluxes through the involved 341 
pathways. In this study, metabolomics and 13C labeling data were combined to investigate the 342 
response of tomato cell suspension culture to a sharp decrease in O2 levels. The experimental 343 
conditions were selected to mimic the O2 levels experienced by fruits and vegetables 344 
transferred to CA storage. 345 
Using cell suspension cultures results in highly repeatable results.  346 
In this study cultured tomato cells were taken as the model system thus to exclude diffusion 347 
barriers, as would be encountered in intact tissue, and to enable the direct manipulation of 348 
substrate levels (both 13C glucose and O2). By taking away these diffusion barriers, any 349 
variation related to the typical fruit-to-fruit variation in tissue porosity has been cancelled out. 350 
In addition, biological variation between cell suspension cultures are assumed to be relatively 351 
small as the culturing conditions are tightly controlled. This is mirrored by the small error 352 
bars in Fig. 2 and 3, representing the variation based on 4 independent replicate experiments, 353 
and also by the tight clustering of the replicate observations in Fig. 5). 354 
The response to low O2 stress involves changes in the overall metabolism of plant cells  355 
Low O2 stress was accompanied by an increase in the levels of some metabolites (3-356 
phosphoglycerate, fructose-6-phosphate, glucose-6-phosphate, glycerol, glycerol-3-phosphate, 357 
lactate, mannitol, pyruvate, ribose and sorbitol) while other metabolites decreased. The 358 
increase in the level of glycerol, glycerol-3-phosphate, lactate and the sugar alcohols (with the 359 
exception of mannitol) was accompanied by an increase in 13C label accumulation, which 360 
indicates an increased flux due to an increased synthesis. Among the metabolites which 361 
decreased under low O2 stress were some within the general group of sugars (except ribose 362 
and the sugar phosphates), amino acids and organic acids (except lactate). In addition to their 363 
decreased levels, these metabolites accumulated less 13C label which suggests a general 364 
reduction of their synthesis. The up and down regulation of the various metabolite levels, in 365 
14 
 
combination with the differential accumulation of 13C label shows that the response of the 366 
plants to low O2 stress is not limited to a particular pathway but involves changes in the 367 
overall metabolism of cells.  368 
Low O2 stress is accompanied by the accumulation of glycolytic intermediates, activation 369 
of fermentative metabolism and decrease in TCA cycle activity 370 
Low O2 stress in cultured tomatoes cells resulted in the accumulation of the intermediates of 371 
glycolysis, which shows an inhibition of pathways downstream of glycolysis. The 372 
accumulation of glycolytic intermediates with low O2 stress has also been observed in other 373 
plant systems (Galili 2011, Miyashita and Good 2008). The increased levels of glycolytic 374 
intermediates under low O2 stress without a corresponding increase in 
13C label (Fig. 4) 375 
suggests a reduction of the uptake rate labelled substrate by the cells and an increased release 376 
from unlabelled intracellular sources. Suppression of substrate uptake by cells could be a 377 
strategy to reduce energy expenditure since substrate uptake is an active transport process 378 
which consumes cellular energy. The ability of plants to reduce energy consumption in the 379 
form of ATP is a an important requirement to ensure their survival under low O2 conditions 380 
(Drew 1997, Geigenberger et al. 2000, Geigenberger 2003, Gupta et al. 2009). In potato 381 
tubers incubated under 14C sucrose, a reduction in substrate uptake was observed within 2 h of 382 
incubation when the level of dissolved O2 was reduced below 12 kPa (Geigenberger et al. 383 
2000). In Arabidopsis roots grown under O2 limiting conditions, a reduction in the transcripts 384 
encoding for proteins involved in energy consuming processes like transport and biosynthesis 385 
was observed (van Dongen et al. 2009).  386 
The response of the intermediates of the TCA cycle to low O2 stress involved a general 387 
decrease in levels accompanied by low 13C label accumulation (Appendices S1 and S2), 388 
which indicates a reduced activity of the TCA cycle. The decrease in TCA cycle activity 389 
under low O2 stress could be due to a general inhibition of oxidative phosphorylation due to 390 
the unavailability of O2. Taking into account that O2 serves as an electron acceptor in the 391 
oxidation of reduced cofactors (NADH and FADH) produced from the TCA cycle, the 392 
absence of O2 will impede the regeneration of these cofactors eventually leading to an 393 
inhibition of the TCA cycle. The increase in gluconate (Appendix S1) during the early stages 394 
of low O2 stress could be due to increases in the activity of the pentose phosphate pathway 395 
(PPP). Considering that PPP activity results in the synthesis of reducing equivalents required 396 
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to ensure the redox balance of the cell and to produce electrons for the reduction of reactive 397 
O2 species, its activation under low O2 stress is likely. Increases in the activity of PPP have 398 
been noted in cell cultures (Baxter et al. 2007, Ishikawa et al. 2010) and roots (Lehmann et al. 399 
2008) subjected to oxidative stress. 400 
The build-up of lactate (Fig. 2) in the cells due to low O2 stress indicates a possible shift in 401 
energy metabolism from respiration to fermentation. The activation of fermentative 402 
metabolism under low O2 stress is important for producing ATP to ensure the survival of cells 403 
due to the inhibition of the TCA cycle. The accumulation of pyruvate (Fig. 2) has been 404 
observed when plants switch from respiratory to fermentative metabolism because of the 405 
inefficiency of fermentation to utilize the intermediates of glycolysis (Aloni and Rosenshtein 406 
1982, Geigenberger et al. 2000, Geigenberger 2003, Miyashita and Good 2008, Reggiani et al. 407 
1993, van Dongen et al. 2009). The induction of fermentation as a response to O2 stress is not 408 
only restricted to changes in the metabolome, as studies in maize roots have shown increases 409 
in the levels and expressions of anaerobic proteins and genes (Sachs et al. 1996). Increase in 410 
the expression profile of anaerobic proteins with O2 stress have also been observed in 411 
Arabidopsis roots (Klok et al. 2002). Considering that the fermentation of fruits and 412 
vegetables can result in the production of off-flavors (Kader and Ben-Yehoshua 2000; Kader 413 
2002), these O2 levels should be avoided during CA storage.  414 
The adaptive response of plants to low O2 stress involved reducing the biosynthesis of 415 
sugars, amino acids and organic acids 416 
The response to low O2 stress involved a general reduction in the levels of free amino acids 417 
and organic acids (Appendix S1). This decrease could be due to the need to reduce energy 418 
consumption by limiting biosynthetic reactions which consumes energy. A general decrease 419 
in the levels of some amino acids have also been observed in Arabidopsis cells subjected to 420 
menadione-induced oxidative stress (Baxter et al. 2007) and in pears (Franck et al. 2005) and 421 
apples (Lee et al. 2011) under CA storage. In contrast, the metabolic response of anoxia-422 
intolerant plant tissue like maize roots (Thomson and Greenway 1991, Aloni and Rosenshtein 423 
1982) and anoxia-tolerant species like rice seedlings (Magneschi and Perata 2009) and 424 
suspension cultures (Ishikawa et al. 2010) is characterized by increasing levels of some  425 
amino acids. The different response of amino acids might suggest a possible role in the 426 
adaptive response of plants to low O2 stress even though this might depend on the tissue under 427 
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study and the mode of low O2 stress induction. Below 1 kPa O2, glutamate, among the 428 
different amino acids, accumulated the highest 13C labeling. This high accumulation of 13C 429 
label by glutamate might be related to its role in the synthesis of nucleotides, chlorophylls, 430 
polyamines and alkaloids as well as its involvement in the synthesis of other amino acids like 431 
glutamine, proline, putrescine and GABA. 432 
Marked reductions were noted in the levels of most sugars with an increase in sugar alcohols 433 
under low O2 stress (Fig. 4). The decrease in levels of sucrose, maltose and trehalose with low 434 
O2 stress could be related to the suppressed substrate uptake requiring alternative sources to 435 
generate energy. The only sugar which increased with low O2 stress, ribose, has also been 436 
observed to accumulate in pears (Lee et al. 2011), cell cultures (Baxter et al. 2007) and roots 437 
(van Dongen et al. 2009) subjected to different  O2 stress conditions. Even though the precise 438 
role of ribose in plants is unknown (besides its role in the synthesis of ADP-ribose for use in 439 
the PPP) ribose has been shown to enhance the regeneration of ATP in mammalians cells 440 
under anoxia (St. Cyr et al. 1989). It is possible that ribose might play a similar role in plant 441 
cells subjected to low O2 stress. The increase in the levels of sugar alcohols was accompanied 442 
by an increase in 13C label (Fig. 4), suggesting an increased synthesis. Sugar alcohol 443 
accumulation has been observed as one of the by-products of the low O2 stress response of 444 
plants (Baxter et al. 2007, Ishikawa et al. 2010, Lee et al. 2011, Pedreschi et al. 2009, van 445 
Dongen et al. 2009). Sugar alcohol accumulation has also been reported in plant subjected to 446 
other abiotic stress conditions (Moing 2000). Sugar alcohol accumulation in response to low 447 
O2 stress might be related to their role in complementing carbon storage reserves during sugar 448 
deprivation (Moing 2000). 449 
Organic acids have been noted to play crucial roles in the adaptive response of plants to low 450 
O2 stress. In potato tissues, stepwise decrease in the concentration of O2 caused changes in the 451 
levels of most organic acids (Geigenberger et al. 2000), while the response of culture cells to 452 
oxidative stress involved decreases in the levels of some organic acids (Baxter et al. 2007, 453 
Ishikawa et al. 2010). In our study, low O2 stress was characterised by a general decrease in 454 
the levels of most organic and fatty acids (Appendix S1). The observed decrease in glycerate 455 
levels even though it accumulated about the same amount of 13C label compared to control 456 
(Appendix S2) indicates a rather constant synthesis but an increased breakdown. The general 457 
reduction in amino and organic acids appears to be in agreement with the survival strategy 458 
employed by plants under low O2 stress which involves reducing anabolic reactions along 459 
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with the nitrogen metabolism to make more substrate available for glycolysis (Drew 1997, 460 
Galili 2011, Geigenberger 2003, Li et al. 2012). In the case of ripening fruits such low O2 461 
stress might potentially affect anabolic metabolism, resulting in a reduced availability of 462 
sugars, organic acids and amino acids needed to synthesize aroma volatiles (Perez and Sanz 463 
2008; Schwab et al. 1997) eventually reducing the commercial value of fruits. 464 
The levels of other nitrogen containing metabolites were reduced under low O2 stress 465 
-alanine, GABA and putrescine all decreased and accumulated less 13C label (Fig. 4) 466 
showing a decrease in their synthesis in response to O2 stress. The role of putrescine in the 467 
biosynthesis of polyamines is well documented (Pedreschi et al. 2007, Van de Poel et al. 468 
2012, Ye et al. 1997), showing that a decrease in putrescine synthesis leads to a reduction in 469 
the biosynthesis of polyamines. In Arabidopsis cells under oxidative stress, decreases in the 470 
levels of transcripts related to putrescine were observed along with decreases in concentration 471 
(Baxter et al. 2007). In fruits (Pedreschi et al. 2009) and other plant parts (Ye et al. 1997), 472 
putrescine has been revealed to increase due to O2 stress. The accumulation of putrescine in 473 
this species under low O2 stress might help in the maintenance of ionic balance to counter the 474 
increase in the levels of some organic acids like GABA (Reggiani et al. 1993). The role of -475 
alanine, a polyamine product, implicated in the adaptive response of plants to various 476 
stressors, including low O2 stress response is unclear. In Empire apples, low O2 stress was 477 
accompanied by an increase in -alanine (Lee et al. 2011) even though -alanine reduction 478 
was observed in Arabidopsis cells (Baxter et al. 2007).  479 
The response of GABA to  low O2 stress was opposite to that observed in some studies on 480 
fruits where GABA has been shown to accumulate (Franck et al. 2005; Lee et al. 2011; 481 
Pedreschi et al. 2009). In Arabidopsis cell suspension cultures grown under normal and 482 
elevated O2 conditions, the levels of GABA were found to be higher under the elevated O2 483 
condition (Williams et al. 2008). In Arabidopsis cell cultures subjected to menadione induced 484 
oxidative stress, there was no significant change in the levels of GABA (Baxter et al. 2007) 485 
while a similar treatment on Arabidopsis roots resulted in a marked reduction in the levels of 486 
GABA (Lehman et al. 2009). Considering that the activation of GABA synthesis have been 487 
observed to occur under reduced cytoplasmic pH (Carroll et al 1994), the production of 488 
GABA could be linked to the synthesis and/or degradation of other organic acids in cells, a 489 
situation which could be both tissue and treatment specific.  490 
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 491 
CONCLUSIONS 492 
The use of tomato cell suspension cultures proved to be an efficient tool to study the 493 
metabolic effects of low O2 stress on higher plant cells revealing clear changes in the primary 494 
metabolites. By combining metabolome data with 13C label information, clear patterns in the 495 
response of the cells to low O2 stress emerged. Low O2 stress inhibited the biosynthesis of 496 
amino acids, organic acids and other nitrogen containing compounds. Under low O2 stress, 497 
accumulation of the intermediates of glycolysis, some sugar alcohols and lactate was 498 
observed. The lower the O2 level, the higher this accumulation. The accumulation of 499 
glycolytic intermediates went hand-in-hand with a decreased 13C labeling, indicating a 500 
reduced overall flux through glycolysis and not an up-regulation. The accumulation of lactate 501 
under low O2 stress signaled the induction of fermentative metabolism providing an escape 502 
for  the accumulating pyruvate levels.  503 
The fact that not every intermediate was labeled up to the same steady state level indicates 504 
that the various intermediates also received unlabeled inputs from other pathways. The 13C 505 
label accumulated by the different metabolites showed that for the control cells (21 kPa O2) 506 
isotopic steady-state of the central metabolism was reached within 12 h while, under low O2 507 
stress, this took more than 24 h, mirroring the suppressed  metabolic rates at low O2 levels. 508 
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Tables 658 
Table 1. Variable Important Plot (VIP) scores of the top 10 metabolites under the different O2 659 
conditions and incubation time. VIP’s were calculated from the correlation loadings after 660 
PLS-DA analysis as explained in materials and method 661 
 662 
0 kPa 
 
1 kPa 
 
21 kPa 
 
Time 
Metabolite VIP 
 
Metabolite VIP 
 
Metabolite VIP 
 
Metabolite VIP 
Citramalate   6.916 
 
Citramalate   10.111 
 
Pyroglutamate 1.555 
 
Gluconate     9.519 
Valine 2.686 
 
Valine  3.488 
 
Mannose       1.549 
 
Benzoate      5.731 
Sorbitol      2.634 
 
Leucine           3.371 
 
Ribose        1.477 
 
GABA          5.636 
Leucine        2.583 
 
Sorbitol      3.330 
 
Stearate      1.466 
 
Aspartate          5.619 
Pyroglutamate 2.163 
 
Pyroglutamate 2.588 
 
Lactate       1.440 
 
Methionine         5.043 
Fructose     1.491 
 
Fructose      1.716 
 
Laurate       1.423 
 
Erythritol    3.312 
Tyrosine        1.472 
 
Tyrosine           1.661 
 
Sorbitol      1.419 
 
Glutamate        2.487 
Gluconate     1.463 
 
Homoserine    1.489 
 
Maltose       1.399 
 
Lyxose        2.227 
Benzoate      1.427 
 
Norleucine        1.473 
 
Shikimate     1.394 
 
-alanine        2.118 
Glycerol-3-P          1.343   Glycerol-3-P          1.465 
 
Malate        1.389 
 
3-PG#      1.994 
Homoserine 1.326 
 
Maltitol 1.424  Glycerate     1.361  Alanine           1.796 
Glycerol-3-phosphate, #3-phosphoglycerate 663 
 664 
665 
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Figure Legends 666 
667 
Fig. 1. Estimation of the respiration kinetics of cultured cell suspension of Lycopersicum 668 
esculentum (A) Uptake rate of O2 by tomato cells as a function of O2 partial pressure (B) A 669 
magnified portion of the uptake rate to show the KM of respiration. 670 
671 
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672 
Fig. 2. A plot of the 24 most altered metabolites out of the total of 63 reported in Appendix S1 673 
following the incubation of tomato cell suspension cultures under different O2 levels [21 kPa 674 
(●), 1 kPa (x) and 0 kPa (○)]. Metabolites are ordered alphabetically (DHAA, L-675 
dehydroascorbate; Fructose-6-P, fructose-6-phosphate; Glucose-6-P, Glucose-6-phosphate). 676 
All values are means of four independent replicates expressed relative to starting value. Error 677 
bars indicate the standard error of the mean. The dashed lines indicate the time point where 678 
13C labeled glucose was added. 679 
680 
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Fig. 3. Accumulation of 13C label by the metabolites shown in Fig. 3 with the exception of 682 
DHAA, laurate, maltitol, myristate and pyruvate whose 13C label data could not be obtained. 683 
All values are means of four independent replicates. Error bars indicate the standard error of 684 
the mean. Labels are 21 kPa (●), 1 kPa (x) and 0 kPa (○). The time axes starts from4 hours, 685 
the moment 13C labeled glucose was introduced. 686 
687 
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Fig. 4. (A) Metabolic network map showing the changes in relative abundance after 24 h of 690 
incubating tomato cell culture under different O2 levels. (B) Metabolic network map showing 691 
31 
 
the accumulation of 13C label by the different metabolites with the thickness of the arrows 692 
increased for pathways which are up-regulated under low O2 stress. The white, gray and dark 693 
bars represent 21 kPA, 1 kPA and 0 kPa O2 levels, respectively. All values are means of four 694 
independent replicates expressed relative to starting value. Error bars indicate the standard 695 
error of the mean (2-OxoG, 2-oxoglutarate; 3-PG, 3-phosphoglycerate; OAA, oxaloacetate; 696 
Phe, phenylalanine; Pyroglu, pyroglutamate).  697 
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 699 
Fig. 5. 700 
PLS-DA bi-plot showing tomato cells samples taken from the O2 conditions at different time 701 
points. Figures (A) and (B) show a plot of latent variables (LV) 1 vs. LV2 and LV1 vs. LV3 702 
respectively. The percentage explained variance (X and Y representing the O2 level and 703 
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metabolite abundance respectively) are inserted next to the LV. The samples scores (closed 704 
circles: red, 21 kPa; green, 1 kPa; blue 0 kPa) are superimposed on the metabolite loadings 705 
(open circles). The line arrows indicate the position of the treatments (O2 levels and 706 
incubation time) in the new parameter space. Amino acids are represented by their three letter 707 
symbols. 708 
